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ABSTRACT 
 
Reconstructed prairies can be a useful tool in combating climate change by acting as a 
sink for carbon (C) and nitrogen (N). However, little is known about where C and N gains occur in 
the soil matrix, and in turn whether they accumulate in pools characterized by relatively long or 
short mean residence time. To answer this question, a reconstructed prairie chronosequence 
spanning 21 years was used to observe changes in chemically and physically protected C and N 
pools. As these soils were finely textured, edaphic properties such as non-crystalline iron and 
polyvalent cations were also examined for associations with C and N pools. While there was a 
significant increase in both total soil C and N over time, pools chemically bound to silt/clay 
outside of microaggregates served as the largest stock in which new C and N was stabilized. 
Physically protected particulate organic matter did not increase with prairie age, but 
microaggregate silt/clay C and N concentrations were correlated with microaggregate 
ammonium oxalate extractable iron. These results contrast previously held understandings of 
microaggregate turnover under no-till soil environments such as reconstructed prairie. Future 
research must investigate why C and N stocks in reconstructed prairies are much less than 
remnants, and whether improved prairie management can affect physical or chemical 
protection of organic matter. 
 
 
 
1 
 
CHAPTER 1: GENERAL INTRODUCTION 
In the state of Iowa, more than two thirds of land are cultivated corn and soybeans and 
less of .01% of the prior land cover—uncultivated tallgrass prairie—remains (Samson and Knopf, 
1994). For perspective, .01% a standard US letter size piece of paper (60.3 cm2) would be the 
area roughly of a 7 point font letter “O”. These unique environments can contain vast reservoirs 
of C: assuming the average US person weighs approximately 87 kg (Walpole et al. 2012) and the 
C percentage of humans is near 23% by mass (Emsley, 1989), one 15 cm hectare furrow slice 
from a native prairie has the carbon stock equivalent to 2,800 people (Guzman and Al-Kasi, 
2010). 
As the immediate environmental consequences of this large scale land use change 
became known through water quality degradation and topsoil loss, attempts have been made to 
recreate prairie remnants. Often, seed stocks for prairie reconstructions come from prairie 
remnants located on graveyards or other areas unfit for growing row crops (Fierer et al. 2013). 
Increasing evidence suggests even a small allotment of cropland to prairie can 
disproportionately reduce nitrate (NO3-), phosphate (PO43-), and soil export if carefully planted 
on landscape contours or toeslopes (Mitchell et al. 2015) (Helmers et al. 2012).  
Particularly pertinent to the upper Midwest, NO3- is classified as a water pollutant which 
has far reaching consequences to both the environment and economy (Dale et al. 2007). Nitrate 
can cause algal blooms in nitrogen limiting waters, and as these algae die, their decomposition 
consumes oxygen, preventing aquatic life from respiring. Prairie can remove NO3- in several 
ways, either by incorporating it into plant biomass, or providing a carbon rich and moist 
environment where NO3- can transform into innocuous N2 gas. This is done through 
denitrification, a process where soil microbes reduce NO3- when oxygen is limiting. 
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Within the last several decades, concerns with global climate change have driven 
policymakers and scientists to discover ways to sequester carbon and nitrogen in order to 
mitigate greenhouse gases that trap heat in Earth’s atmosphere. The agriculture sector is 
responsible for roughly one quarter of all human greenhouse emissions which include carbon 
dioxide (CO2), methane (CH4), and nitrous oxide (N2O) (Smith et al. 2014). Evidence suggests 
reconstructed prairie increases soil organic matter (SOM) over time when transitioning from 
cropland (Brye and Riley, 2009; Guzman and Al-Kasi, 2010; Hernández et al. 2013). As such, 
these lands present a possible means to not simply prevent NO3- pollution, but to also sequester 
greenhouse gases by transforming atmospheric CO2 into soil organic C. This perspective is 
reinforced by the Intergovernmental Panel on Climate Change (IPCC), which cites setting aside 
arable lands into grasslands such as prairie as a small but key step in combating climate change 
from multiple pollutants (Smith et al. 2014). However, it is important to note that commodity 
price rises from global demand from meat or biofuels offer a powerful incentive to avoid setting 
aside prime cropland, which in turn limits the climate mitigation potential these grasslands can 
have on a global scale (Smith et al. 2014). Specifically, in Iowa during the maize ethanol boom of 
the 2000’s, some 152,000 hectares of perennial grassland originally placed under the 
Conservation Reserve Program (CRP) was allowed to expire as prices of grain increased (Wright 
and Wimberly, 2013). 
But why do grasslands such as prairie accumulate and store more C than arable lands? 
Traditionally, it was thought that tillage was the major factor in the decline of SOM, specifically 
the destruction of soil aggregates (Craswell and Waring, 1972). As the land is plowed and 
residue removed during harvest, oxidizing conditions in the surface soils were thought to 
accelerate decomposition, emitting pollutants such as CO2. However, another environmental 
change is wide scale implementation of artificial subsoil (tile) drainage in higher precipitation 
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regions such as the upper Midwest. Tile artificially lowers the water table and provides an 
oxidizing environment that encourages mineralization of C. If tile drainage is removed in these 
prairie reconstructions, poorly drained soils can be saturated for longer periods, preventing 
decomposition of organic matter C by decreasing the amount of oxygen available to microbes. 
While tillage and drainage may have varying effects on C storage, recent research suggests 
drainage may be more of a force for SOM losses rather than tillage (Baker et al. 2007). 
As restored prairies age, soil C pools increase to an asymptote such that increased C 
inputs from roots and aboveground biomass are eventually balanced by increased C losses from 
heterotrophic soil respiration (Paustian et al. 1997). With nitrogen (N), the situation is more 
nuanced. Without nitrogen fertilizer inputs or exports from grain harvest, N flows into and out 
of the prairie are relatively small. Lesser amounts of nitrogen (5-8 kg/ha) could enter the prairie 
soil through precipitation (Dodds et al. 1996) or legume nitrogen fixation (Cleveland et al. 1999). 
However, these N gains could be offset via denitrification (Groffman et al. 1993).  
Aboveground residue inputs from prairie are thought to reach equilibrium relatively 
quickly, yet recent data suggest root biomass appears to take decades longer to equilibrate 
(Matamala et al. 2008; O’Brien and Jastrow, 2013; Hansen and Gibson, 2014). Even with these 
plant biomass gains, total soil organic carbon (SOC) may take hundreds of years to reach 
prehistoric levels, suggesting other forces at play in the landscape (Matamala et al. 2008; 
Rosenzweig et al. 2016). Microbial diversity (Fierer et al. 2013), fungal abundance (Wilson et al. 
2009), plant species composition (Kindscher and Tieszen, 1998) as well as fire and grazing 
management (Howe, 1994) have all been suggested as possible factors stymieing human 
constructed prairies from achieving SOC levels that were present before cultivation. We 
examined the possibility that some of this lag between the recovery of residue inputs and SOC 
could be related to the processes that protect new OM inputs from mineralization once they 
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enter the soil in a reconstructed prairie. If the inputs from biomass are constant after perhaps a 
decade, soil processes could affect the turnover of the organic material to a new equilibrium in 
older reconstructed prairies. If these soil processes that reach equilibrium can be identified as 
well as the time to reach equilibrium, perhaps they can be optimized through management, 
closing the gap between C and N storage in reconstructed prairies so they match their remnant 
counterparts in a shorter period.  
Central to our study was the assumption that organic matter inputs from prairie would 
primarily accumulate in three broad categories as they are incorporated into the soil. These 
include organic C and N physically protected from microbial decomposition through 
microaggregation, organic C and N chemically protected from microbial decomposition through 
bonding on or near silt/clay surfaces, and particulate organic matter (POM) that is unprotected 
from microbial decomposition. 
Physical protection of SOM has long received attention from the scientific community as 
a possible method for C and N sequestration (Six et al. 2004). More modern understanding of 
this process started with Tisdall and Oades (1982), which was later refined by Oades and Waters 
(1991) and Jastrow et al. (1996). As fungal microbes and roots produce exudates in the soil, 
these chemicals tend to cluster loose silt and clay materials to form what is known as 
macroaggregates. Over time, organic materials within the macroaggregate are also encased by 
silt and clay particles, producing stable microaggregates which physically exclude microbial 
decomposers from organic matter that could otherwise be metabolized. These protected 
materials are thought to be plant in origin and not selectively preserved by their innate 
chemistry (Dungait et al. 2012), making them susceptible to mineralization by microbes if the 
aggregate structure is disturbed. Several studies have also hinted that the age of these 
materials—also called occluded POM—can range in the hundreds of years (Angers and Giroux, 
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1995; Jastrow et al. 1996; Mueller and Köegel-Knabner, 2009). With the cessation of large scale 
aggregate destruction by humans (e.g., tillage) reconstructed prairies could presumably reduce 
organic matter turnover and increase accumulation in this protected fraction (Six et al. 2000). 
However, an alternative perspective is provided by Plante and McGill (2002) who found certain 
simulated tillage treatments could enhance physical occlusion of POM in microaggregates. They 
postulated that this could be due to microbial communities being physically removed from 
potentially labile plant material, increasing the chance of this plant material being incorporated 
into microaggregates instead of decomposing. Thus, in an untilled prairie, this fraction could 
either represent a significant long term sequestration of carbon and nitrogen (Six et al. 2000), or 
could stall as soon as tillage ceases (Plante and McGill, 2002).  
Perhaps more widely studied than physical protection of SOM, mineral associated 
bonding of organic matter to silt/clay comprises a large suite of processes, from direct 
stabilization on the surface (Hassink, 1997), through an intermediate polyvalent cation (Muneer 
and Oades, 1989), or from stratified zones of non-polar and polar molecules (Kleber et al, 2007). 
In addition, reactive iron oxides on clay surfaces can also be very important to both direct SOM 
stabilization (Wagai and Mayer, 2007; Oades et al. 1989) and physical aggregation in older soils 
such as Oxisols (Oades and Waters, 1991; Six et al. 2004). Certain iron fractions in the soil, such 
as non-crystalline iron, have long been known to be extremely reactive to organic materials 
(Huang et al. 1977) and clays (Aguilera and Jackson, 1953) forming a bond between the two 
similar to cation stabilization process described above (Dixon, 1989). 
In contrast to organic matter physically protected from decomposition within 
microaggregate structures or chemically protected from decomposition by association with 
mineral particles, material that is not physically or chemically protected within the mineral soil 
matrix is considered “labile”—presumably vulnerable to decomposition by microbes that reside 
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in the soil. Still, certain plant fractions may have inherent biochemical properties which are so 
complex that microbes cannot effectively mineralize them. Often, these plant fractions include 
aromatic carbon rings and certain hydrophobic compounds such as plant waxes. Carbon isotope 
studies suggest these structures may indeed have long residence times in the soil (Six, 2002). 
Another biochemically stable fraction particularly important to prairie or grassland systems are 
charred plant remains from fires. This so called “black carbon” can be extremely stable in the 
soil (Goldberg, 1985), but measuring the amount of carbon protected by this natural process is 
extremely difficult as no universally accepted means of measurement exists (Schmidt et al. 
2001). 
Two-pool OM conceptual models for carbon (Stewart et al. 2007) and nitrogen 
(Castellano et al. 2012) separate SOM into two functional pools, one that decomposes relatively 
fast (labile) with a short mean residence while the other turns over more slowly (stable) with a 
long mean residence time. Stable pools are thought to primarily consist of OM chemically 
bonded on clay/silt surfaces and protected OM inside microbially inaccessible silt/clay 
aggregates. The magnitude of these stable pools is thought to be governed by the limited 
amount of charged clay surface area in the soil (Hassink, 1997) which does not change over 
timescales relevant to human management. By using these two-pool models as a guideline for 
our research, we sought to separate these pools with a method which preserves the science 
that we know about silt/clay stabilization with a process that also can allow us to easily separate 
physical, chemical, and unprotected fractions in the laboratory.  
Biological incubations (Table 1) seek to determine how resistant to mineralization SOM 
is by measuring inorganic nitrogen, microbial biomass, or respired carbon in a controlled 
environment (Robertson et al. 1999). This is often done by placing soil in a setting where organic 
matter decomposition is not limited by water, temperature, or micronutrient deficiencies (Wang 
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et al. 2003; Nadelhoffer, 1990; Van de Werf and Verstraete, 1987; Alvarez et al. 1998). Other 
techniques involving nuclear magnetic resonance spectroscopy (NMR) are also occasionally used 
to search for known signals of stable forms of nitrogen and carbon in the soil sample (Kögel-
Knabner, 1997). 
More recently, physical fractionation has emerged as a promising method of 
determining stable pools, particularly the mineral associated and aggregate protected fractions 
(Table 1). In physical fractionation, particle size and density can be used to break up whole soil 
into several categories with differing turnover times (Six et al. 2000; Sollins et al. 2009). Physical 
fractionation attempts to preserve the soil sample’s environment so fractions such as 
microaggregate protected OM as well as mineral associated OM can be studied directly 
(Christensen, 2001). This is in contrast to older chemical methods, which subject soil and plant 
material to acid and base treatments that do not exist in nature (Olk and Gregorich, 2006) 
(Table 1). Fractions that resisted these chemical treatments, particularly lignin, were often 
touted as having long mean residence times in soil. Yet, when more studies explored this 
concept by tracking carbon isotopes, lignin was found to not be preferentially stabilized 
(Amelung et al. 2008).  
As physical fractionation satisfies most of our criteria for separating stable 
(physical/chemical) and labile (particulate organic matter) pools of C and N, we chose this as our 
main means of exploring reconstructed prairies. However, one of the weaknesses of the 
procedure we used is the lack of a biochemically stable pool, which could contaminate certain 
aggregate silt or particulate organic matter fractions (Six, 2002). As the stabilizing influence of 
clay in the soil is likely overwhelming (Plaza et al. 2013) compared to any black carbon, this 
weakness was thought to be acceptable. Also, due to the relative size of the silt/clay pool we 
also examined other pathways that could enhance stabilization, such as polyvalent cations or 
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non-crystalline iron oxides, which rarely are examined in conjunction with stable pools 
separated via physical fractionation. 
If reconstructed prairies are implemented in farmlands, policymakers and 
environmental models will need to account for the amount of C and N protected in the 
ecosystem. Key to these questions are how stable these amounts are. Reconstructed prairies are 
likely not infinite stores of organic matter, and may not reach the high peaks observed in 
remnant grasslands for decades or centuries. Thus, if large shares of newly accumulated C and N 
from reconstructed prairies are labile instead of stable, a change in commodity prices similar to 
the one resulting in the loss of CRP hectares could release far more C and N into the atmosphere 
and waterways, mitigating their effectiveness as a key control of greenhouse gases.     
Our study utilized a chronosequence of restored prairie in south-central Iowa to 
examine how the age of the reconstructed prairie and other soil factors affect labile and stable C 
and N. Neal Smith Wildlife Refuge (41°35´ N; 93°14´ W) is a unique location in the Midwest 
where cropland has gradually been transitioned into tallgrass prairie since its founding in 1990. 
By selecting plots with similar landscape positions, texture, and great group soil taxonomy, we 
have attempted to minimize the typical constraints with substituting space for time (Pickett, 
1989; Kratz et al. 1991). Any correlations or patterns observed could help environmental 
scientists either focus more intensely on stable C and N pools or look to other time independent 
properties which could explain prairie reconstruction’s lag behind their remnant counterparts. If 
storage of C and N can be enhanced to remnant levels, the amount of land set aside in cropland 
could be considerably less than before, perhaps making prairies a more attractive option to 
producers.      
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CHAPTER 2: CARBON AND NITROGEN STABILIZATION 
ACROSS A RECONSTRUCTED PRAIRIE CHRONOSEQUENCE 
AT NEAL SMITH WILDLIFE REFUGE 
Shane M. Bugeja1, Michael J. Castellano2 
Abstract 
Sowing of reconstructed prairies as a means to amass carbon (C) and nitrogen (N) over 
time has received attention as a strategy to combat global climate change. Still, there is 
uncertainty regarding the stability of C and N gains within the soil. Using a chronosequence of 
19 reconstructed prairies ranging from 1 year to 21 years since transition to prairie, our study 
attempted to examine any temporal changes of protected and unprotected pools of C and N. 
Physical fractionation techniques were used to distinguish stable and labile organic matter 
within 15 cm of the soil. Overall, total soil organic carbon (TSC) and nitrogen (TSN) increased 
32% and 23%, respectively, after 21 years under reconstructed prairie. Silt/clay located outside 
of microaggregates (FSC) were responsible for storing 69% and 97% of newly acquired C and N. 
In addition, the concentration of C and N on FSC was well correlated to both TSC and TSN values. 
Unprotected C and N fractions (CPOM) also increased significantly with time, with CPOM-C 
exhibiting linear growth with an increase of 171% after 21 years. However, these unprotected 
fractions were only responsible for 8% and 4% of TSC and TSN on average. Microaggregate 
silt/clay (MSC) and physically occluded particulate organic matter (fPOM) C and N did not 
increase across the chronosequence.                
1 Graduate student, Department of Agronomy, ISU. Primary researcher and author of the paper. 
2 Associate professor, Department of Agronomy, ISU. Major professor of SM Bugeja. 
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Still, MSC and fPOM both displayed statistically significant movement towards higher C:N values 
over time (8% and 35% higher, respectively), which could indicate a change in organic material 
quality protected through microaggregates. Ammonium oxalate extractable iron (AmOx-Fe) was 
positively correlated to increases in C and N concentration, as well as higher C:N ratios for MSC. 
Other edaphic properties such as calcium (Ca) and magnesium (Mg) concentration, showed no 
statistically significant effect with C and N concentrations across FSC and whole soil fractions. 
While FSC and CPOM showed increased C and N pools, TSC and TSN showed signs of reaching an 
equilibrium after 21 years. If reconstructed prairies are utilized as a tool to sequester C or N, 
care must be taken to not overestimate the capacity of these soils to store C and N. 
Introduction 
Uncultivated prairie ecosystems, also called “remnant” or “virgin” prairies, possess 
much larger amounts of soil carbon (C) and nitrogen (N) than paired arable lands. One remnant 
prairie location in Iowa possessed approximately 56 Mg/ha organic C and 4.4 Mg/ha total N 
within the top 15 cm of soil – a 69% and 52% higher value, respectively, over similarly textured 
soil C and N values from no-till cropland nearby (Guzman and Al-Kasi, 2010). These values are 
not unusual, as remnant prairies average 48% higher C concentrations than cultivated areas 
(DeLuca and Zabinski, 2011). In Iowa, around .01% of uncultivated prairies remain (Samson and 
Knopf, 1994). As the consequences of climate change became known and efforts to identify 
possible sinks for atmospheric greenhouse gases intensified, attempts have been made to 
restore arable lands to prairie. The Intergovernmental Panel on Climate Change (IPCC) includes 
“land use change” of arable lands to grasslands such as reconstructed prairie as an important 
potential sink for CO2 (Smith et al. 2014).  
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As prairie reconstructions become older, it is assumed that C and N pools will grow due 
to increased organic matter inputs in comparison to crops such as maize or soybean.  In time, 
total soil organic carbon and nitrogen stocks will also return to levels approaching remnant 
prairie. Indeed, this convergence to remnant prairie stocks is an important component of the 
potential greenhouse gas sink identified by the IPCC as a land use change (Smith et al. 2014).  
Consistent with the concept that prairie reconstructions will regain soil C and N stocks 
similar to remnant prairies, biomass inputs from reconstructed prairies quickly match older 
reconstructions within several years (Matamala et al. 2008; O’Brien and Jastrow, 2013; Hansen 
and Gibson, 2014). For example, a 65 year old prairie reconstruction in Wisconsin had similar 
net primary productivity and species diversity as a nearby remnant (Kucharik and Fayram, 2006). 
This observation supported the idea that reconstruction C inputs could be analogous to remnant 
prairies, and potentially serve as a powerful sink. However, when Kucharik and Fayram observed 
organic soil carbon for the reconstruction, values for the reconstruction were 52% lower than 
the remnant, even after more than half a century. Other studies also have mentioned this 
apparent gap between remnant and reconstruction. Several studies estimate soil organic carbon 
(SOC) levels in prairie reconstructions could take centuries to match their remnant counterparts. 
Many of these time extrapolations come after fitting reconstructed prairie C and N values with 
rise to maximum functions (Matamala et al. 2008; Rosenzweig et al. 2016).The reasons for the C 
and N disparity between reconstructed prairies and their remnant counterparts remains an 
active area of research and has been attributed to microbial diversity and abundance (Fierer et 
al. 2013; Wilson et al. 2009) as well as plant functional group diversity—the balance between 
grasses, legumes and herbaceous plants (Kindscher and Tieszen, 1998). 
Less frequently studied are the location, mechanism and stability of soil C and N gains in 
reconstructed prairies. Soil C and N can be stabilized or protected from mineralization by a 
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variety of processes. Conceptually, these processes are often divided by function and include 
chemical protection on silt and clay surfaces and physical occlusion within aggregates of mineral 
particles (Six et al. 2002). Chemical protection, which is responsible for the majority of 
stabilization of C and N in fine textured soils (Plaza et al. 2013), arises from the chemical binding 
of microbially processed organic material to a charged silt/clay surface. Physical occlusion, on 
the other hand, relies on silt/clay to surround particulate organic matter (forming a 
microaggregate) and provide a physical barrier to decomposing heterotrophs. Soil C and N that 
is not protected from mineralization within these pools, commonly referred to as free particular 
organic matter, is typically considered to be relatively labile. Although this pool may include 
biochemically recalcitrant compounds, the importance of this process and the overall concept of 
biochemical recalcitrance is actively debated (Dungait et al. 2012; Marschner et al. 2008; Kleber, 
2010). Thus, of these processes, SOM protection through physical occlusion and chemical 
bonding with silt/clay particles are the most widely accepted and studied stabilizers of soil C and 
N and account for the vast majority of the distribution of total SOM (Six et al. 2004; Hassink, 
1997). The relative contribution of these pools to total SOM accumulation as reconstructed 
prairies age has been addressed by few studies (O’Brien and Jastrow, 2013).  
Apart from the age of the reconstruction, other soil factors relating to the chemically 
stable pool could potentially influence the accumulation of SOM. Polyvalent cations such as 
calcium and magnesium are known to enhance chemical bonding between organic matter and 
clay surfaces through “bridging” the negatively charged regions of both (Muneer and Oades, 
1989). Certain oxides, particularly non-crystalline/amorphous iron species, are also thought to 
augment both physical aggregation and mineral associated bonding (Oades and Waters, 1991; 
Six et al. 2004). However, very few if any studies examine this iron pathway closely in Mollisol 
soils, even when some SOM conceptual models include this non-crystalline iron as a binding 
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agent in microaggregates (Regelink et al. 2015). The lack of non-crystalline iron studies in 
relatively young, higher pH Mollisol soils is largely based on early work reporting the sheer 
amount of stabilizing power, surface area, and mass of 2:1 charged clays that are known to be 
high in former prairie regions such as Iowa (Tisdall and Oades, 1982). An older soil order such as 
Oxisol can have much almost four times as much extractable crystalline and non-crystalline iron 
species in their soils than a Mollisol (Jagadamma et al. 2014). 
Our goal was to examine how stable and labile N and C pools accumulate after prairie 
establishment from cropland. As silt/clay particles are critical for the stabilizing capacity of these 
soils, other edaphic properties such as polyvalent cation or non-crystalline iron concentration 
were also examined for any correlations with C or N stocks. Unlike silt/clay particles, these 
chemicals can be gained or lost through natural processes, perhaps in turn altering the 
stabilization capacity of physically or chemically protected C and N.  
Neal Smith Wildlife Refuge (41°35´ N; 93°14´ W) is a unique location in the state of Iowa 
where farm acreage has been transitioned into reconstructed prairie since the early 1990’s. As 
farm leases of different length expire, the land is transferred to prairie creating a range of 
reconstruction ages. By selecting reconstructions with equivalent landscape positions and 
texture we attempted to minimize the typical constraints with substituting space for time 
(Pickett, 1989; Kratz et al. 1991). 
Materials and Methods 
Study Site 
Nineteen prairie reconstructions were non-randomly selected at Neal Smith Wildlife 
Refuge (NSWR), located near Prairie City, Iowa. The chronosequence of reconstructed prairie 
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ranged in age from 1 to 21 years (Figure 1). Samples were taken in the northeast corner of a 1 
m2 sized plot. 
 Each plot was located on leased cropland previous to being reconstructed to prairie. As 
a condition of the lease, renters were mandated to use no-till and use two-year crop rotations of 
maize and soybeans, among other chemical and fertilizer restrictions (Schilling and Thompson, 
2000). Prairies across NSWR are also periodically burned every 1-3 years depending on the 
availability of suitable burning conditions.  
All plots were located on soil series Otley (fine, smectitic, mesic Oxyaquic Argiudolls), 
Mahaska (fine, smectitic, mesic aquertic argiudolls), or Tama (fine-silty, mixed, superactive, 
mesic Typic Argiudolls). Each plot was located on upland locations with slopes between 0-5% to 
minimize any confounding effects due to deposition of silt and clay.  
Soil Properties 
In May and November 2015, plots were sampled to a depth of 15 cm and homogenized 
after being passed through an 8 mm sieve. The moist soil was then placed in a 4 °C cooler for 
later use. 30 g air dried subsample was then analyzed for texture per Kettler et al. (2001). pH 
was measured using 10 g moist soil mixed with 10 ml of deionized water. Bulk density was 
recorded in May 2016 by homogenizing 7 cores per plot and determining % moisture with a 10 g 
soil subsample. A sampling depth of 15 cm was chosen due to increased statistical power and 
the surface soil’s quick responses to management changes—critical to several plots recently 
converted to prairie. 
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Soil Physical Fractionation 
In order to properly analyze protected and unprotected C and N stocks, physical 
fractionation procedures similar to Six et al. (2004) were utilized. Stable pools consisted of 
silt/clay outside of microaggregates (FSC), silt/clay within microaggregates (MSC), and occluded 
particulate organic matter (fPOM). Labile pools consisted of any particulate organic matter 
outside of microaggregates (CPOM). Approximately 40 g of moist soil from the November 2015 
sampling was slaked overnight then added to a mechanical shaking device along with 50 metal 
beads and running distilled water. A 250 µm sieve served to collect CPOM. Any material which 
passed through the 250 µm sieve was then subsequently filtered using a 53 µm sieve. The 
process continued until the water coming out of the microaggregate isolator was free of visible 
materials. Material which passed through the 53 µm sieve, considered FSC, was centrifuged at 
1000 g for 30 minutes and excess water was decanted until the fraction could be placed in an 
aluminum pan. All fractions were dried at 105 °C and were homogenized using a ceramic mortar 
and pestle. 
Density Floatation 
Soil retained on the 53 µm sieve was then set aside to remove any unprotected plant 
material outside of the microaggregate fraction. A 30 mL sodium polytungstate (SPT) (Na6 
(H2W12O40)) solution with a density of 1.85 g/cm3 was used for the separation. The mixture of 
the 53-250 µm fraction and SPT was inverted several times in a 50 mL tube and then placed in a 
centrifuge at 1000 g for 30 minutes. Afterwards, the floating material was suctioned onto a 20 
µm nylon filter, dried at 105 °C, homogenized with a mortar and pestle, and then added to the 
CPOM fraction. The remaining material not removed by vacuum was subsequently rinsed by an 
addition of 30 mL distilled water in order to remove any remaining SPT. After centrifuging at 
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1000 g for 30 minutes the extra SPT and distilled water solution was decanted and the samples 
were prepped immediately for fPOM separation. 
Microaggregate Dispersion 
Fifteen mL of 0.5% sodium hexametaphosphate (SMP) (NaPO3)6 was added after density 
floatation. 10 glass beads were added and samples were placed on a reciprocating shaker for 18 
hours. After shaking, MSC and fPOM were separated with distilled water and a 53 µm sieve. 
Material which passed through the sieve was considered MSC and the rest fPOM. Both fractions 
were oven dried at 105 °C and homogenized with a ceramic mortar and pestle. 
Elemental Analysis 
Estimates for non-crystalline iron were based on values from ammonium oxalate 
((NH4)2C2O4) extraction. Soil fractions (FSC, whole soil, and MSC) with a known moisture content 
were immersed in 35mL of acidified 0.2M ammonium oxalate and placed in a 50 mL centrifuge 
tube wrapped in aluminum foil. The tubes were shaken in the dark for 4 hours then filtered 
using 8 µm Whatman Grade 2 filter paper and sent to Iowa State University Soil and Plant 
Analysis Laboratory (ISUSPAL) for measurement of iron via inductively coupled plasma mass 
spectrometry (ICP-MS). 
Polyvalent cation concentration was measured for two soil fractions, FSC and whole soil. 
Whole soil cation concentration was measured using 20mL of 1M ammonium acetate 
(NH4CH3CO2) solution at a pH of 7.0. Two grams of moist whole soil was then added and shaken 
for 30 minutes and filtered using 8 µm Whatman Grade 2 paper. The extract was then sent to 
ISUSPAL for measurement of Ca and Mg via ICP-MS. FSC cations were measured by sending 
dried material to ISUSPAL for ICP-MS determination of Ca and Mg. MSC fraction was not 
analyzed due to limited amounts of material. 
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Statistical Analysis 
Statistical tests were performed with both SAS 9.4 (SAS Institute, Cary, NC) as well as 
SigmaPlot 11.0 (Systat Software, Chicago, IL) software. CPOM fractions and POM removed from 
density floatation were combined and classified as “Unprotected POM” while FSC, MSC, and 
fPOM fractions were grouped as “Protected OM”. 
Possible relationships between edaphic properties, N, or C values were analyzed with 
both linear and nonlinear functions against time. Best fit lines were chosen based on lowest 
sums of squares error using SigmaPlot software’s “Regression Wizard” tool.  
Results 
Soil Properties 
Soil texture was not significantly different among 19 plots, with means (± standard 
error) of silt at 64.31% (±0.95%) and clay at 32.01% (±0.98%). These texture values aligned well 
with established estimates of Otley, Tama, and Mahaska silty clay loam soils. pH also did not 
differ across the chronosequence, with an average of 5.84 (±0.096). Bulk density was not 
statistically significant against time, with a mean of 1.24 g cm3 (±0.011). Yet bulk density 
numerically tended to decline for the older restorations (Table 2). 
Soil Carbon and Nitrogen 
Total soil carbon (TSC), which included all protected (FSC, MSC, fPOM) and unprotected 
(CPOM) fractions, ranged from 12.28 to 27.79 g C kg-1 soil (Figure 2). TSC fit a logarithmic 
regression against time (P= 0.0061), but still had considerable variability (R2= 0.3659). Total soil 
nitrogen (TSN)—which ranged from 1.26 to 2.31 g N kg-1 soil (Figure 3)—had similar correlations 
to TSC, with a significant logarithmic regression against time (P= 0.0128, R2= 0.3126). 
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Only two fractions, FSC and CPOM, had any significant relation to time. FSC C                 
(P= 0.0341, R2= 0.2379) (Figure 4) and FSC N (P= 0.0273, R2= 0.2554) (Figure 5) fit a logarithmic 
regression. CPOM C fit a linear regression against time (P= 0.0182, R2= 0.2863) (Figure 6), while 
CPOM N was logarithmic (0.0502, R2= 0.2071) (Figure 7). MSC and fPOM C and N did not change 
across the chronosequence. When all fractions C and N concentrations (in g kg-1 fraction) were 
compared to TSC and TSN, only FSC was statistically significant with a positive linear regression 
for TSC (P=<0.0001, R2= 0.9055) (Figure 8) and TSN (P=<0.0001, R2= 0.9028) (Figure 9).  
The C:N ratios of MSC (Figure 10), and fPOM (Figure 11) increased significantly with time since 
reconstruction. The ranges of C:N ratios were 9.06-11.55, 10.08-12.43, 16.69-37.76, and 12.47-
24.24 for FSC, MSC, CPOM, and fPOM, respectively. 
Ammonium Oxalate Extractable Iron 
Ammonium oxalate extractable iron (AmOx-Fe) values were not significantly different 
between FSC AmOx-Fe (3310 mg kg-1, ±121.7 mg kg-1 FSC) and whole soil (WS) AmOx-Fe        
(3241 mg kg-1, ± 82.15 mg kg-1 WS). However, AmOx-Fe located on MSC surfaces was 
significantly different than both (6740 mg kg-1, ± 399.16 mg kg-1 MSC). 
The age of the reconstruction had no relationship with AmOx-Fe in any fraction. FSC and 
WS AmOx-Fe also did not have any relationship with each respective C and N soil fraction values. 
MSC AmOx-Fe had significant, positive, quadratic relationships with MSC’s C (P= 0.0104, 
R2=0.3281) (Figure 12) and N (P= 0.0344, R2=0.2373) (Figure 13) concentrations (only in g kg-1 
fraction). In addition, there was also a positive linear correlation of MSC AmOx-Fe to MSC’s C:N 
ratio (P=0.0044, R2=0.3886) (Figure 14). 
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Polyvalent Cations 
Calcium and magnesium located on WS and FSC had no relationship with C, N, or C:N 
ratio of any soil fraction. Only FSC calcium (15.716 g kg-1, ± 1.454 g kg-1) was positively correlated 
with time (P= 0.0022, R2= 0.5359) (Figure 15). 
Discussion 
Soil Carbon and Nitrogen Pools 
Consistent with our assumptions, organic C and N levels increased significantly after 21 
years of prairie reconstruction, but overall, the average gains were modest (32% increase in 
organic C, and 23% increase in organic N). Aboveground biomass is known to quickly achieve 
equilibrium in reconstructed prairies within 5 years, yet maximal belowground root biomass 
takes significantly longer, perhaps decades (Matamala et al. 2008).  
When TSC and TSN were fractionated into protected and unprotected pools, only two 
pools significantly increased for both C and N across the 21 year chronosequence: FSC (an 
increase of 28% C and 27% N) and CPOM (an increase of 171% C and 86% N). However, on a 
mass per area basis, 69% and 97% of the TSC and TSN gains, respectively, occurred in the FSC 
pool. By far the largest by mass of the soil fractions we separated (averaging nearly 88% of 
whole soil), FSC was also the largest pool of C and N, responsible for 75% and 80% of TSC and 
TSN, respectfully. This, as well as the high correlation of FSC C and N to TSC and TSN, is 
consistent with previous research acknowledging the large influence that silt/clay has over 
organic matter stabilization (Plaza et al. 2013; Hassink 1997). 
Although considered unprotected compared to FSC, the CPOM C and N pool also 
showed signs of significant accumulation in older relative to young prairies (171% increase in C, 
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86% increase in N). However, it is important to note the small pool size of CPOM in comparison 
to other soil fractions. CPOM on average only consisted of 8% and 4% of TSC and TSN, 
respectively.   
Perhaps more interesting is the discrepancy between the relatively fast C (171% 
increase) and slow N (86% increase) gains within CPOM. As the prairie grassland was likely 
strongly N-limited after cessation of cultivation, unprotected N fractions could quickly become 
mineralized because of N mining and cycled back into the soil through plant biomass (Craine et 
al. 2003; Craine et al. 2002) or stabilized on silt/clay surfaces. Nitrogen gains across time—from 
atmospheric deposition, non-symbiotic organisms, or legumes—should be relatively small 
(Knops and Tilman, 2000), and denitrification outputs from the soil at least partially offset these 
N inputs (Iqbal et al. 2015; Groffman et al. 1993). 
Even after correcting for landscape position, soil texture, and drainage, CPOM-C’s 
relationship to time still possesses large variability. However, the linear regression of CPOM-C 
over time is unique among other soil fractions. While other fractions showed signs of reaching 
equilibrium after 21 years (Figures 2-5), CPOM-C did not. Because CPOM is not protected within 
the mineral soil matrix, or “labile”, texture has no direct effect on CPOM, and abiotic factors 
such as soil temperature and moisture primarily judge their dynamics (Six et al. 2002). However, 
previous chronosequence work with similar soils at NSWR suggest no significant differences in 
soil temperature or moisture existed between younger and older reconstructed prairies (Maher 
et al. 2010). Regardless, little of the variability in CPOM-C was captured with time, and other soil 
or aboveground factors independent of clay/silt may play a larger role in explaining its 
accumulation across plots. 
27 
 
While FSC and CPOM displayed correlations with time and TSC/TSN, the protected 
fractions of fPOM and MSC did not (Figures 16 and 17), and combined on average for 17% and 
16% of TSC and TSN, respectively. The lack of microaggregate protected C and N (fPOM) growth 
with time contrasts with the conceptual model offered by Six et al. (2000), in which no-till 
environments and decreases in disturbance favor microaggregate accumulation. Important to 
consider is the past management of these prairie reconstructions, as no-till was implemented as 
part of the lease agreement for years before being sown into prairie. Thus, any gain of 
microaggregates due to cessation of tillage may have occurred during time in which the land 
was under maize or soybean cultivation. If this was the case, any potential increases would not 
be captured by this study.  Per Six et al. (2002), the maximum amount of microaggregates in soil 
is limited by the percentage and charge of clay, which is essentially independent of time. If so, 
the lack of C and N accumulation from MSC and fPOM over time is due to microaggregate 
formation reaching a saturation level for reconstructed prairie. While C and N protection did not 
change across the chronosequence for MSC/fPOM, there were significant shifts for both toward 
a higher C:N ratio over time (Figures 10 and 11). Plante and McGill (2002) suggest that in a no-
till environment such as reconstructed prairie, labile POM would likely be colonized by microbes 
before natural aggregation processes could occur. Some disturbance is necessary for reaching 
peak physical protection, according to Plante and McGill (2002), as mixing of soil can disrupt 
microbial communities from mineralizing labile POM and surrounding organic matter. This 
disruption by disturbance is thought to slow POM decomposition and allow for protection in 
microaggregates. Perhaps because of the relatively undisturbed, N limiting environment of the 
prairie, any available N (and some C) in labile POM could be depleted after microbial attack, 
resulting in a higher C:N ratio residue in older prairies by the time this material is physically 
protected.  
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Ammonium Oxalate Extractable Iron 
While AmOx-Fe concentration in whole soil, FSC, and MSC had no correlation to time, 
TSC or TSN, there was evidence that AmOx-Fe was connected to MSC C and N dynamics. AmOx-
Fe concentrations on MSC were significantly different as well as 48% and 49% higher than either 
WS or FSC AmOx-Fe concentrations, respectively. More study is needed regarding why 
accumulation of AmOx-Fe occurs in microaggregates, and if non-crystalline iron effects 
microaggregate stability in a Mollisol. MSC AmOx-Fe’s correlation to a higher MSC C:N ratio and 
MSC C and N concentration also suggests shifts in bound organic material on these 
microaggregate silt/clay surfaces.  
Polyvalent Cations 
As whole soil and FSC Ca and Mg concentrations did not relate to any C or N pool, we 
can reject the hypothesis that these polyvalent cations were related to any C or N gains across 
the reconstructed prairie chronosequence. The increase of FSC Ca over time could signify 
evidence of transport from subsoil to the surface by roots. Because of the upland position of 
each plot, Ca accumulation from other processes such as erosion would be minimal to none. 
This observation also raises questions about whether other macronutrient concentrations such 
as potassium can increase over time. 
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Conclusion 
Organic C and N increased across time, and organic material chemically stabilized on FSC was 
the primary sink for accumulating C and N. While there was accumulation of unprotected C and 
N over time, these were not well correlated to TSC or TSN, again highlighting the importance of 
FSC in organic C and N for finely textured soils. We observed no increase in physically protected 
C and N pools of fPOM or chemically protected MSC over time (Figures 16 and 17). This 
observation may mean this site has reached saturation for physical protection (Six et al. 2002) 
although this hypothesis could only be tested by determining if this fraction grows in response 
to increased C and N inputs (Stewart et al. 2007; Castellano et al. 2012). However, there was 
evidence to suggest AmOx-Fe had positive influence on C and N concentrations located in MSC. 
Our observations seem to suggest that after no-till cropland is transitioned into tallgrass prairie, 
silt/clay outside of microaggregates dominate stabilization, increasing over time while C and N 
protected by microaggregates remains stagnant. However, the rates of C and N gain in the soil 
tends to slow in the FSC pool after approximately 5 years; FSC C only increased 9% while FSC N 
increased 16%. If reconstructed prairies are to be used as effective sinks for C and N through 
land use change (Smith, 2014), more research is needed to increase the storage capacity—
perhaps through management—of these grasslands to approach their remnant counterparts. 
Climate models must also account for the fact these reconstructed prairies cannot reach these 
remnant highs of C and N storage in timescales relevant for policy. 
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Table 1 Description of techniques separating soil into conceptual pools of 
carbon/nitrogen 
Fractionation Techniques Separation Mechanism Pools Yielded 
Physical Density/size via use of sieves 
and chemical flotation 
Chemically/physically 
protected, unprotected 
Biological Decomposition rates in 
incubated soil 
Fast, slow 
Chemical  Solubility in acid/base 
solutions 
Humic acid, fulvic acid, humin 
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Table 2 General soil properties of plots 
Plot Reconstruction Age 
(Years) 
Coordinates    
(Decimal Degrees) 
Bulk 
Density 
(g cm-3) 
Clay g 
100 g 
soil-1 
Silt g 
100 g 
soil-1 
pH  
(in DI) 
1 17 41.5960, -93.2621 1.23 31.11 65.02 5.80 
2 6 41.5937, -93.2800 1.22 31.71 64.76 5.29 
3 21 41.5835, -93.2912 1.25 32.64 63.42 5.67 
4 17 41.5862, -93.2677 1.22 30.72 66.09 5.76 
5 6 41.5789, -93.2958 1.25 32.96 63.40 5.39 
6 11 41.5800, -93.2632 1.27 33.33 62.09 5.93 
7 21 41.5731, -93.2639 1.16 34.25 61.86 5.50 
8 17 41.5605, -93.2455 1.17 32.43 63.72 5.44 
9 6 41.5563, -93.2935 1.20 42.84 54.05 6.16 
10 17 41.5537, -93.2414 1.19 29.91 66.56 6.91 
11 6 41.5525, -93.2878 1.35 30.12 66.29 6.67 
12 21 41.5528, -93.2797 1.24 19.73 75.67 5.52 
13 2 41.5501, -93.2905 1.25 37.72 58.34 5.76 
14 3 41.5486, -93.2851 1.29 30.08 66.11 5.72 
15 12 41.5435, -93.2960 1.32 33.73 62.95 6.00 
16 11 41.5403, -93.2945 1.27 29.75 66.67 5.93 
17 12 41.5384, -93.2953 1.20 31.29 65.51 6.13 
18 1 41.5383, -93.2462 1.22 32.18 64.29 5.92 
19 21 41.5352, -93.2698 1.18 31.63 65.18 5.50 
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Figure 1 Map of study site. (Adapted from Schilling and Drobney, 2014) 
 
Age of Prairie Reconstruction 
1-3 years 
6 years 
11-12 years 
17 years 
21 years 
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Figure 2 Total organic carbon against time. After initial establishment of 
reconstructed prairie, carbon stocks increased logarithmically up to 21 years. 
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Figure 3 Total organic nitrogen against time. After initial establishment of 
reconstructed prairie, nitrogen stocks increased logarithmically up to 21 years. 
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Figure 4 Carbon bound chemically to silt/clay particles outside of microaggregates 
against time. In the first few years after prairie establishment, organic carbon chemically 
stabilized to silt/clay surfaces increased logarithmically up to 21 years.   
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Figure 5 Nitrogen bound chemically to silt/clay particles outside of microaggregates 
against time. In the first few years after prairie establishment, organic nitrogen 
chemically stabilized to silt/clay surfaces increased logarithmically up to 21 years. 
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Figure 6 Carbon in unprotected particulate organic matter against time. From the 
first few years after prairie establishment to a reconstructed prairie 21 years old, 
unprotected organic carbon increased linearly. 
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Figure 7 Nitrogen in unprotected particulate organic matter against time. From the 
first few years after prairie establishment to a reconstructed prairie 21 years old, 
unprotected organic nitrogen increased logarithmically.  
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Figure 8 Stable silt/clay carbon outside of microaggregates against total organic 
carbon. In general, higher concentration of carbon on silt/clay outside of 
microaggregates was tightly correlated to total organic carbon.  
Y=-3.6023+1.0033x 
P=<0.0001 
R2=0.9055 
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Figure 9 Stable silt/clay nitrogen outside of microaggregates against total organic 
nitrogen. In general, higher concentration of nitrogen on silt/clay outside of 
microaggregates was tightly correlated to total organic nitrogen. 
Y=-0.3450+1.0745x 
P=<0.0001 
R2=0.9028 
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Figure 10 Stable microaggregate silt/clay carbon to nitrogen ratio against time. 
From recently established prairies to 21 year old reconstructions, carbon to nitrogen 
ratios tended to increase logarithmically.  
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Figure 11 Physically protected particulate organic matter carbon to nitrogen ratio 
against time. From recently established prairies to 21 year old reconstructions carbon to 
nitrogen ratios tended to increase linearly. 
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Figure 12 Microaggregate silt/clay carbon against microaggregate ammonium 
oxalate extractable iron. Higher concentrations of ammonium oxalate extractable iron 
on microaggregates correlated to higher carbon concentrations on microaggregate 
silt/clay.  
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Figure 13 Microaggregate silt/clay nitrogen against microaggregate ammonium 
oxalate extractable iron. Higher concentrations of ammonium oxalate extractable iron 
on microaggregates correlated to higher nitrogen concentrations on microaggregate 
silt/clay. 
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Figure 14 Microaggregate silt/clay carbon to nitrogen ratio plotted against 
microaggregate ammonium oxalate extractable iron. Higher concentrations of 
ammonium oxalate extractable iron on microaggregates correlated to higher carbon to 
nitrogen ratios. 
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Figure 15 Calcium concentration on silt/clay outside of microaggregates against 
time. As prairies aged from recently established to 21 years old, calcium tended to 
increase exponentially. 
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Figure 16 Microaggregate protected carbon against time. Microaggregate silt/clay 
carbon (a), physically protected particulate organic matter carbon (b) and the sum of 
microaggregate silt/clay carbon and physically protected particulate organic matter 
carbon (c) plotted against time. No significance was detected in any of the 
microaggregate protected carbon pools across the chronosequence. 
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Figure 17 Microaggregate protected nitrogen against time. Microaggregate silt/clay 
nitrogen (a), physically protected particulate organic matter nitrogen (b) and the sum of 
microaggregate silt/clay and physically protected particulate organic matter nitrogen (c) 
plotted against time. No significance was detected in any of the microaggregate 
protected nitrogen pools across the chronosequence. 
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CHAPTER 3: GENERAL CONCLUSIONS 
 
It is accepted that transitioning arable lands into reconstructed prairies is a tactic to 
accumulate C and N over time. However, gaps of knowledge exist regarding the level of 
protection soil organic matter receives under this system, and whether the length of time 
under prairie changes the amount of organic C and N stored in protected or unprotected 
pools. By utilizing a chronosequence of reconstructed prairies ranging in age from 1 to 21 
years, we attempted to answer these questions through physical fractionation of stable and 
labile pools. 
Data from this observational experiment (Chapter 2) showed that the prairie 
reconstructions did indeed gain C and N over time. Most of the organic matter accumulation 
over time was observed on FSC, which also comprised the vast majority of the whole soil 
mass. FSC concentrations of C and N were tightly correlated to TSC and TSN values, showing 
the importance of this fraction as a reservoir of stabilized organic matter. Unprotected 
CPOM also increased as the prairie reconstruction aged, but did not contribute substantially 
as a percentage of TSC and TSN. CPOM-C displayed a linear accumulation over time which 
followed the expected response of labile material according to standard two-pool models. 
Microaggregate dependent fractions of MSC and fPOM did not accumulate more C and N 
over time, but both shifted towards higher C:N ratios, perhaps in response to a lack of soil 
disturbance. While MSC C and N concentrations did not respond to time, there were 
positive correlations with AmOx-Fe located on MSC surfaces. This iron may enhance bonding 
of organic matter similar to cation bridging, and could provide a more dynamically charged 
silt/clay surface for higher C:N ratio residues to bind with. While there was evidence of C 
and N increases over time, gains quickly slowed after approximately 11-12 years. If these 
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sites are already approaching equilibrium values of C and N stocks, they are well short of 
nearby remnant prairie values. Therefore, any modeling calculations which assume land use 
changes must account for any overestimation of these reconstructions stabilizing capacity 
for C and N. 
